This study analyzes the performance of a method to isolate microsatellites from largely unknown target genomes. This reporter genome protocol (RGP) utilizes naturally occurring repeat motifs in genomes of distantly related organisms as hybridization probes. The RGP proved very successful in all 13 enrichment reactions from eight marine target species (comprising a dinoflagellate, a diatom, and six arthropod species), yielding on average 85.5% positive colonies. The RGP naturally screens for all repeat types occurring in the reporter genomes and is therefore less biased than standard protocols that typically test few, short motifs only. Using the genomes of Mus musculus, Drosophila melanogaster, and Homo sapiens as reporter genomes in this study, 133 different di-to hexanucleotide repeat types were obtained. Success of the RGP did not depend on overall microsatellite density in the reporter genome but increased with genetic distance between target and reporter genomes because hybridization to conserved nonrepeat regions is less frequent. Relative abundance of repeat types in the reporter genome had a significant effect on repeat type frequencies in the target library. Altogether, the RGP greatly simplifies the isolation of microsatellites from unknown genomes and makes microsatellite markers more attractive for a wide range of studies.
Introduction
Microsatellites are stretches of tandemly repeated DNA motifs typically 2-6 nucleotides long and frequently found in eukaryotic and prokaryotic genomes. Their high analytical power (unlinked, codominant, single locus, multiallelic markers) has led to their continued use (Schlötterer 2004) in population genetics (Bowcock et al. 1994; Paetkau et al. 1995; Zeller et al. 2006) , forensic analyses (Balding 1999) , assignment studies (Jones et al. 2003) , and genetic mapping (Dib et al. 1996; Weissenbach et al. 1992 ). However, microsatellites are still often neglected as they suffer from the drawback that their initial setup is unpredictably difficult (e.g., Weetman et al. 2007 ). As primer sites are generally not conserved across species boundaries, microsatellite loci have to be identified de novo for most species. This often led researchers to choose less powerful but more easily obtainable markers such as RAPD, ISSR, mtDNA, AFLP, or RFLP. Despite a growing number of efficient microsatellite isolation protocols in recent years (Glenn and Schable 2005; Zane et al. 2002) , there is a continuous urge for more efficient strategies to facilitate the establishment of microsatellite markers.
In model organisms whose genomes are almost completely known, the task of finding microsatellite loci is reduced to scanning sequence databases with a suitable search tool (Benson 1999, Phobos, http://www.rub.de/spezzoo/cm/). In more exploratory studies, focusing on organisms with almost unknown genomes, the aim is to find informative markers with as little effort as possible. There are two main strategies to achieve this (see Zane et al. 2002 for further details):
The first, more traditional strategy involves building a nonenriched, partial genomic library of the genome of the organism under study (from now on referred to as target genome). Those fragments in the library that include microsatellites are subsequently identified by hybridization to labeled synthetic oligomer probes consisting of typical nucleotide repeat motifs such as (AC) 8 , (AG) 8, etc. The major drawback of screening a nonenriched library for microsatellites is its inefficiency, i.e., many fragments without repeats must be screened to identify fragments with microsatellites.
The second, now de facto standard strategy aims to increase the efficiency by including an enrichment step, selectively favoring microsatellite-containing fragments before construction of the partial genomic library of the target genome. This is particularly important for genomes for which low densities of microsatellites have been reported. The enrichment is typically achieved by letting the repeat-containing genomic fragments hybridize to synthetic repeat oligomers and removing those without repeat elements during subsequent washing steps (Armour et al. 1994; Kandpal et al. 1994; Karagyozov et al. 1993; Kijas et al. 1994; Zane et al. 2002 for a review) . This approach of enriching microsatellites has one major drawback: the microsatellite motifs searched for have to be defined a priori, introducing what we call a selection bias in the genomic library created. There are 4, 10, 33, 102, and 350 different and independent patterns for di-, tri-, tetra-, penta-, and hexanucleotide repeats, respectively (see Material and procedures for details). In an organism whose genome is unknown, the choice of synthetic repeat probes is largely arbitrary and is often based on known frequency patterns in distantly related model species. This selection bias increases the risk that even abundant repeat types in the anonymous target genome may be overlooked completely due to the choice of hybridization oligomers that are rare or absent in the target genome.
The need for highly successful protocols becomes even more obvious when taking into account that after the initial identification, often a significant proportion of the microsatellites will have to be excluded for several reasons (Fig. 1 ). Candidate microsatellites with excessive stutter bands, no suitable flanking region for primer placement, and either no amplicons or too many amplicons have to be discarded. The same holds true for microsatellites that would bias the subsequent data analysis steps due the presence of null alleles, allelic dropout, linkage disequilibrium, etc. (Selkoe and Toonen 2006) .
In contrast to all other protocols, a novel enrichment protocol proposed by Nolte et al. (2005) does not rely on the use of synthetic probes, but uses genomes of unrelated organisms (from now on referred to as reporter genomes) as hybridization templates (Fig. 2) . The concept behind this protocol is based on the assumption that evolutionary distant genomes will show a high similarity by state only in genomic regions of low complexity such as microsatellite loci (Levinson et al. 1985) . These regions act as "non-synthetic universal hybridization probes" (Fig. 2) . Consequently, the technique will preferentially detect repeat types that are abundant in both the target and the reporter genome and is thus potentially less susceptible to the effects of selection bias. Although it holds several advantages over standard protocols, its utility has not been tested systematically across different taxonomic groups since its inception (Nolte et al. 2005) .
In this study, eight marine target species from three very different taxonomic groups (arthropods, diatom, dinoflagellate; Table 1 ) are used to systematically test the applicability and performance of the reporter genome protocol.
Material and procedures
Samples-Samples of the eight marine target species were obtained from different sources (Table 1) . DNA was extracted using either the Qiagen DNeasy Tissue Mini or the Plant Mini Kit. Mus musculus domesticus, Drosophila melanogaster (CantonS), and Homo sapiens were used as reporter genomes. The Ceratoserolis species analyzed in this study is one species from a known complex of cryptic species, which is referred to as Fig. 1 . Workflow for isolating microsatellites and steps necessary to evaluate their utility (white boxes). If rigorous standards for the quality of microsatellite markers are applied, the number of candidate loci rejected for different reasons (black boxes) often exceeds the number of loci that are eventually kept for the analysis. See Leese et al. (2008) and Kraemer et al. (in prep.) for details.
"group 1" in Held (2003) and Ceratoserolis n. sp. 1 in Leese and Held (2008) . The species is not identical to the type species Ceratoserolis trilobitoides sensu stricto. A formal description is in preparation, but until its publication the species' name C. trilobitoides (Eights, 1833) is valid and will be used here.
Reporter genome protocol-Hybridization chips with singlestranded DNA of Mus musculus domesticus, Drosophila melanogaster (CantonS), and Homo sapiens were prepared as follows: 5 × 5 mm pieces of Hybond N+ (GE Healthcare) were incubated in a 1:1 mixture of 100 ng/μL reporter genome DNA and 1 M NaOH for 5 min at room temperature. Then the chip was transferred to 1 M Tris-CL (pH 5.0) for 2 min, following a 2-min incubation step in 2 × SSC at 50°C. Excess of liquid was removed and the DNA was baked to the membrane for 12 h at 80°C.
A small-insert genomic library enriched for microsatellites was created using total genomic DNA of the target species. Digestion of 500 ng template DNA and ligation to standard AFLP adaptors 5′-TACTCAGGACTCAT-3′/5′GACGATGAGTC-CTGAG-3′ (Vos et al. 1995) were carried out simultaneously with 20 U of the MseI isoschizomer TruI and 20 U of T4-DNA ligase in a 1 × Buffer-R reaction mix (50 μL; all products Fermentas Lifesciences). Both enzymes have different optimal working temperatures (65°C and 22°C). In accordance with the suggestions of the supplier, the reaction was incubated at an intermediate temperature (37°C) for 6 h, and both enzymes were added in excess. Ligase was inactivated by a 10-min hold step at 65°C. The reaction was run twice on a 1.5% TAE agarose gel, and the 400-800 bp fraction was excised and purified (Eppendorf Perfectprep® Gel cleanup). Of the 30 μL eluted DNA, 5 μL (0.5-25 ng) were amplified in a total volume of 50 μL with 0.5 μM of the AFLP adaptor-specific primer MseI-N (5′-GATGAGTCCTGAGTAAN-3′) and 0.03 U/μL HotMaster® Taq (Eppendorf). PCR conditions were 65°C for 10 min to repair nicks remaining from adapter ligation, an initial denaturation step at 94°C for 2 min followed by 25 cycles (P. multistriata, A. tamutum 40 cycles) of 30 s at 94°C, 45 s at 52°C, 80 s at 65°C, and a final elongation step of 10 min at 65°C. The reaction was purified using the Qiaquick PCR purification Kit (Qiagen).
The hybridization chips were pre-incubated for 15 min at 50°C in 500 μL hybridization buffer (5 × SSC, 0.5% SDS, 1 × Denhardt's, 50 μg/mL Heparin). Then 400 ng template DNA was added and the tube heated to 95°C for 5 min to denature template DNA. For hybridization, the mix was kept for 30 min at 50°C. Subsequently, the hybridization chip was washed three times in hybridization buffer (50°C) and then again thrice in washing buffer (0.1 × SSC, 0.1% SDS, 50°C). Finally, DNA was eluted from the hybridization chip by transferring it into 500 μL TE buffer (pH 8.0, 5 min at 80°C). DNA was precipitated using a standard isopropanol sodium-acetate protocol (Sambrook et al. 1989 ).
The enriched fragments were amplified as above (25 μL reaction). Purified fragments were cloned into pCR2.1-TOPO® TA vector and transformed into competent TOP10F' or JM109 E. coli (Invitrogen, Promega). Cultures of positive colonies, identified by blue-white selection, were grown overnight in LB-medium containing 100 μg/mL ampicillin. Plasmid preparation was performed using the Eppendorf FastPlasmid® Mini Kit or outsourced to GATC-Biotech (Konstanz, Germany). Shotgun sequencing using standard M13-forward and/or reverse primers was either conducted in-house on an ABI 3130xl or LI-COR 4200 automated sequencer, or outsourced to Macrogen (Seoul, Korea) and GATC-Biotech (Konstanz, Germany). The addition of DMSO to a final concentration of 5% in the cycle-sequencing reaction improved the quality of reads of sequences containing microsatellites. BLAST searches were carried out for all sequences to exclude a possible contamination with mobilized DNA from the reporter genome.
In this study, eight target genomes were hybridized to some or all three reporter genomes, yielding a total of 13 libraries (see Table 2 ).
Nonenriched genomic library-A nonenriched partial genomic library was created for C. trilobitoides according to Rassmann et al. (1991) . In total, 3456 clones were dotted onto four nitrocellulose membranes and screened with the radioactively labeled γ-33 P oligomer probes (AC) 8 . Prehybridization and hybridization were carried out in rotating glass tubes in an incubator at 43°C. The filters and intensifying screen were exposed overnight to X-Ray films (Kodak) at -20°C and developed according to the recommendations of the manufacturer. Colonies with strong signal intensity on the film were traced back to the 96-well plates based on their position in the spatial array on the nitrocellulose membranes. Positive colonies were grown overnight, extracted (Chelex), and sequenced (see above for conditions).
Data analysis-Sequence data analysis was performed in a semi-automated workflow based on the Staden software package, version 1.70 (Staden 1996) , into which the novel microsatellite search tool Phobos (Mayer, www.rub.de/spezzoo/cm) and Primer3 (Rozen and Skaletsky 2000) had been integrated (Kraemer et al. in prep.) . Self-similarity dotplots were used to visualize intrinsic structural features of repeat regions using the Staden tool Spin or dotlet (Junier and Pagni 2000) and to help avoid placing primers in regions that were not unique (see Fig. 3 for examples).
First, sequence data were processed using the Staden pre-processing tool Pregap with integrated programs Phred (Ewing and Green 1998; Ewing et al. 1998 ) for base calling, Cross-match for cloning vector and adaptor identification, and Phobos for masking of repeats. Normal shotgun assembly of the processed reads was conducted with the Staden assembly tool Gap4, allowing for a maximum of 2% mismatch between two reads. All nonredundant contigs were entered into the Staden database for subsequent analysis. Phobos was used to search for all perfect and imperfect microsatellites present in the genomic libraries and three different reporter genomes, i. The parameter settings used in Phobos in the present analysis were as follows: the scoring parameters (match, mismatch, N, gap) used were (1, -6, 0, -6), respectively. In each microsatellite, the first repeat unit was not scored. No more than two consecutive N's were allowed. For computing percentage perfections, N's were counted as mismatch positions. The "recursion depth" parameter used was 5. Microsatellites were reported if they achieved a minimum score of 8 and additionally had a minimum length of three perfect repeat units (minlength_b = 2). Consequently, only dinucleotide repeats with a minimum length of 10 bp, trinucleotide repeats with 11 bp, tetra-, penta-, and hexanucleotide repeats with a minimum length of 3 repeat units were included in the analysis. Microsatellite repeat types were reported in a canonical form according to Chambers and MacAvoy (2000) , where a minimal alphabetic representation is determined by allowing cyclic permutations and computing the reverse complement of the nucleotides in the repeat motif. For instance, GA, AG, TC, CT are all represented by the repeat type AG. This convention allows us to count and identify repeat units without reference to the repeat unit phase or strand. Using this canonical representation of repeat types, as many as 4 different dinucleotide, 10 tri, 33 tetra, 102 penta, and 350 hexanucleotide repeat types exist.
After the microsatellites had been detected by Phobos, they were analyzed with the newly developed program Sat-Stat, version 1.0.1. This analysis tool is capable of filtering and sorting microsatellites according to their properties such as repeat Fig. 3 . Dot-plots can be used to show the self-similarity of a sequence by plotting it against itself. Bright areas indicate a high self-similarity resulting from the presence of a microsatellite (a). For population genetic analyses, highly perfect repeat loci should be preferred (b, c). Many microsatellite-containing fragments are, in fact, imperfect with one (d) or several (e) interruptions. A complex microsatellite consisting of sub-satellites with two different motifs (f). Flanking regions can contain duplications that may complicate marker setup (g, h). Loci with higher-order repeat structures (i). GenBank accession numbers:
type, unit length, total length, score, and perfection, and to analyze these properties statistically. For this study, only repeats with a unit size of 2-6 bp and percentage perfection ≥ 90% were considered.
To statistically assess whether a particular relative repeat class or repeat type density differs significantly among two partial genomic libraries, permutation tests were performed as follows: 100,000 randomly permuted data sets were created, each by pooling the inserts from the two original libraries and randomly redistributing them to two permuted libraries, each of which contained the same number of inserts as the original ones. Comparing the relative repeat density values in the two original libraries with the distribution of these density values in the permuted libraries allowed us to estimate the probability that the observed repeat densities could have arisen by chance from a pooled data set with no difference in the two relative densities. This test was carried out using a self-written computer program (C. Mayer, available on request).
Assessment
Reporter genome protocol-With the reporter genome protocol, 1370 clones from 13 genomic libraries and eight different target species (Table 1) were sequenced. Redundant samples were found in all but the genomic library derived from the bopyrid isopod enriched using M. musculus as reporter genome (∅ = 13.1%, standard deviation 13.3). All redundant sequences were removed from the analysis yielding a total number of 1207 unique sequences (Table 2) .
BLASTn searches were performed to check whether sequences in the enriched library originated from the reporter genome rather than the target genome. No contaminant fragments of the reporter genome DNA were detected, indicating that mobilization of reporter genome fragments was not a problem. In the genomic library resulting from C. trilobitoides (target) hybridized to D. melanogaster (reporter), the microsatellite enrichment efficiency was reduced due to the hybridization of conserved fragments of ribosomal genes rather than fragments containing repeats. A BLAST search revealed 19 inserts originating from regions of the 18S or 28S rRNA gene, only two of these inserts also contained a microsatellite.
Efficiency of enrichment-Taking the percentage of clones with at least one microsatellite as a measure of the enrichment success, twelve of 13 genomic libraries were highly enriched for microsatellites with an average success rate of 85.5% and a standard deviation of 18.9% (Table 2) . Enrichment efficiency was lowest for S. septemcarinata (25%) using M. musculus as reporter genome (library 10) and highest for P. multistriata and G. antarcticus using M. musculus as reporter genome (100% and 98.4%, libraries 12 and 6, Table 2 ). Excluding the outlier library 10, the average success rate was 90.5% ± 5.8%.
For target genomes that were enriched with more than one reporter genome, the influence of different reporter genomes on enrichment success was evaluated (libraries 1-9, Table 2 ).
Success of the enrichment depended significantly on the reporter genome. The mean enrichment efficiency using M. musculus was significantly (t -test, P = 0.016) higher than using D. melanogaster as reporter genome (93.3% ± 4.2 and 84.9% ± 2.9, respectively). For C. trilobitoides as target genome, the enrichment using H. sapiens or M. musculus as reporter genomes was almost equally efficient (Table 2) .
For all 13 enriched genomic libraries, 133 of 499 theoretically possible different repeat types were detected (Table 3) . The major proportion of microsatellites were dinucleotide repeats, except for P. multistriata (Fig. 4) . The proportions of longer repeat classes differed considerably between taxonomic groups (Table 3 ). The amount of perfect repeats ranged from 45.9% to 77.3%.
Screening 3456 colonies of the nonenriched genomic library of C. trilobitoides using radioactively labeled γ-33 P oligomer probes (AC) 8 yielded 26 positive colonies by colony hybridization corresponding to a success rate of 0.75%. The density of (AC) n repeats in the nonenriched library was 343 bp/Mbp and their average length was 27.5 bp. Due to the small sample size, however, these numbers represent only approximate estimates for the genomic densities and mean lengths in the genome of C. trilobitoides.
Influence of the characteristics of the reporter genomes on the microsatellites detected-The genomes of the three taxa used as reporter genomes differ considerably in total genome size as well as in the density, relative abundance, and lengths of their microsatellites (Table 4 The relative amounts of di-to hexanucleotide repeat classes and the length characteristics differ between the three genomes (Table 4 , Fig. 4 ). Dinucleotide repeats are abundant in all three genomes, but are relatively more abundant in M. musculus and H. sapiens than in D. melanogaster. D. melanogaster is comparatively rich in trinucleotide repeats, whereas tetranucleotide repeats occur at higher densities in the genomes of M. musculus and H. sapiens. Penta-and hexanucleotide repeats constitute only a minor proportion of repeats in the genomes (Table 4) .
The enriched genomic libraries (except 8, 11, and 12) contained microsatellites from all five different repeat classes (Fig. 4) . However, dinucleotide repeats were the most abundant repeat class in 10 of 13 libraries.
Using a statistical permutation test (see Material and procedures section), it has been analyzed whether the differences in repeat type densities among the three reporter genomes used were reflected in the partial enriched genomic libraries. Specifically, we investigated whether the elevated relative density of dinucleotide repeats in the reporter genome of M. musculus as compared with D. melanogaster and the high relative density of trinucleotide repeats in D. melanogaster as compared with M. musculus (Fig. 4) lead to significant differences among Table 3 . Continued
recovered DNA fragments that were obtained from the same target genome but enriched with different reporter genomes. We compared (Table 2 ) the library pairs (1,2), (4,5), (6,7), and (8,9). It can be observed (Fig. 4) that, as expected, in each library pair, the relative density of dinucleotide repeats is always highest in the library produced with M. musculus. The probabilities (p values) that in libraries 1, 4, 6, and 8 the higher density of dinucleotide repeats could have arisen by chance are, respectively, 0.02%, 0.002%, 1.6%, 1.5%, which is highly significant. Similarly, in the library pairs (1,2), (4,5), (6,7), the relative densities of trinucleotide repeats are higher in the libraries created using D. melanogaster as reporter genome. The probabilities that an even higher relative trinucleotide density could have arisen by chance are 21%, 0.6%, 5.8%, showing a significant level only for pair (4,5) with S. paradoxa as target species. Furthermore, it has been tested, whether the repeat type densities of (AC) n , (AG) n , and (AT) n repeats in the reporter genome had an influence on the enriched libraries (Fig. 5) .
The relative densities of (AC) n repeats were significantly higher for the set of genomic libraries enriched using D. melanogaster as reporter genome compared to using M. musculus (p values of permutation test for library pairs (1,2): <0.001% (4,5): <0.001% (6,7): 2.6% (8,9): 0.036%). For (AG) n repeats, the situation is vice versa with libraries enriched using M. musculus as reporter genome being significantly more enriched for (AG) n repeats (p values of permutation test for library pairs (1,2): <0.001% (4,5): 0.003% (6,7): 1.7% (8,9): 0.04%). No significant difference for the density of (AT) n repeats was observed, neither in the reporter genomes nor in the pairs of libraries belonging to the same target species.
Discussion
In exploratory studies based on microsatellite data the use of an efficient enrichment protocol and strategies for subsequent data analysis are essential to obtain many appropriate microsatellite loci within a short time and at low cost. This study showed that the reporter genome protocol is a universally applicable and very efficient enrichment protocol that has unique advantages. Efficiency of the reporter genome protocol-The average success rate of the reporter genome protocol within the 13 genomic libraries created from eight taxa was 85.5% (90.5% without the outlier S. septemcarinata). This is comparable to the success of other recent protocols (Glenn and Schable 2005; Korpelainen et al. 2007; Zane et al. 2002) . In our laboratory, previous attempts to isolate microsatellites from C. trilobitoides using the screening of (i) a nonenriched library and (ii) enriched libraries with radioactively labeled, synthetic oligomer probes (Rassmann et al. 1991) , and (iii) the identification of microsatellites using the RAPD-based PIMA protocol (Lunt et al. 1999) were conducted. Whereas protocol (i) and (ii) failed to isolate sufficiently many appropriate microsatellites in an acceptable time, protocol (iii) failed entirely.
The lower success rate of the enrichment using S. septemcarinata as target genome (25%) was still high enough to identify 63 microsatellites within the 146 clones. This was sufficient to establish an informative set of polymorphic markers for population genetic studies (Leese et al. 2008) .
This study also indicates that there is no significant difference in overall enrichment efficiency regarding the three different taxonomic target groups. Consequently, the reporter genome protocol is capable of detecting microsatellites from many different eukaryotic genomes without prior knowledge about repeat classes and their frequencies in the target genome.
To estimate an enrichment factor for a given repeat type, its frequency in the genome has to be known. For C. trilobitoides, screening a nonenriched library for (AC) n repeats allowed the calculation of the genomic density of (AC) n repeats to be approximately 343 bp/Mbp (see Assessment section). Cloning efficiency for (AC) n repeats was 26/3456 = 0.75%, which means that every 134th clone contains a (AC) n repeat on average. In the three enriched libraries for C. trilobitoides (libraries 1-3, Table 3 ), the proportion of clones with at least one (AC) n repeat was 25%, 43%, and 60% for M. musculus, H. sapiens, and D. melanogaster as reporter genomes corresponding to enrichment factors of 33.3, 57.3, and 80.0 for this repeat type. Alternatively, enrichment factors can be defined as the ratio of repeat type densities in enriched versus nonenriched partial genomic libraries. For (AC) n repeats in libraries 1-3, this yields enrichment factors as high as 104.7, 212.8, and 180.2. Even though the definition of enrichment factors based on repeat densities seems straightforward, it is biased if multiple (i.e., hitchhiking) microsatellites occur in the same insert. The two different approaches for defining an enrichment factor yielded considerably different results reflecting the basic difficulty in defining an appropriate and meaningful measure for an enrichment of microsatellites.
The density of (AC) n repeats found in the nonenriched partial genomic library of C. trilobitoides in this study can be compared with densities found in other genomes analyzed. The average genomic density of (AC) n repeats in arthropods estimated by Tóth et al. (2000) is 825 bp/Mbp for perfect repeats longer than 12 bp, which is much higher than the 343 bp/Mbp for imperfect repeats longer than 9 bp in C. trilobitoides. For a comparison with identical search parameters, we computed the genomic densities of (AC) n repeats for the three fully sequenced arthropods Drosophila melanogaster, Apis mellifera, and Daphnia pulex which are 2138, 583, and 1387 bp/Mbp, respectively (unpubl. data) . Consequently, C. trilobitoides seems to have a low density of (AC) n repeats for an arthropod species.
Influence of the reporter genomes-The three reporter genomes used in this study differed considerably in their global microsatellite densities, their length characteristics, and in the relative frequencies of different repeat classes (Table 4 , Fig. 4) .
As a first result, the global microsatellite density of the reporter genome does not seem to have a significant influence on protocol efficiency: whereas D. melanogaster and H. sapiens have a microsatellite density of about half of that of M. musculus (Table 4) , protocol performance was equally high for M. musculus and H. sapiens (libraries 1 and 3), but was significantly lower for D. melanogaster as reporter genome in the library pairs (1,2), (4,5), (6,7), and (8,9) . This indicates that the number of hybridization sites is sufficient in all three reporter genomes used in this study and that protocol performance is independent of the microsatellite density of reporter genomes in this density range (Table 2 ). In the present data set, protocol efficiency is best explained with genetic distances between target and reporter genome. The smaller the genetic distance between target and reporter species, the more hybridizations occur at loci other than microsatellites, which lowers the enrichment. The best example is library 2, where a BLAST search revealed 19 target genome inserts of C. trilobitoides to be highly similar to conserved regions of the 18S and 28S rDNA regions of the reporter genome (D. melanogaster). This was avoided when using DNA of M. musculus or H. sapiens as reporter genomes indicating that sequence similarity between the two arthropod species C. trilobitoides and D. melanogaster was still high enough to allow hybridization of homologous loci, thus defying the purpose of the enrichment procedure.
The relative repeat class densities of di-and trinucleotide repeats in the reporter genomes have an influence on the relative repeat class densities in the enriched library. A permutation test confirmed that the considerably higher relative dinucleotide repeat density of M. musculus as compared with D. melanogaster lead to a significantly higher enrichment of this repeat class in all four library pairs with the same target species and these two reporter genomes. The higher relative trinucleotide repeat density of D. melanogaster as compared with M. musculus lead to a significant effect only in the library pair (4,5), whereas in the other library pairs the data basis is too small to get significant results. Tetra-to hexanucleotide repeat densities were not compared, since their repeat densities were usually high only in very few inserts of the partial genomic libraries, making a meaningful statistical comparison impossible.
The influence of the reporter genome can even be traced down to individual repeat types. It has been shown that the libraries produced with M. musculus as reporter genome contain significantly more (AG) n repeats, whereas the libraries produced with D. melanogaster contain significantly more (AC) n repeats.
It is difficult to infer exactly how strongly the repeat content of a reporter genome influences the libraries produced with it and whether it is possible to even find an approximate functional relationship. There are at least four main limiting factors here: (i) hitchhiking repeats which are only in the library due to their occurrence in the same insert as a repeat that has hybridized to the reporter genome, (ii) biochemical differences among repeat types, such as different binding strengths, (iii) the ability of some repeat types to form secondary structures, and (iv) different mean imperfections of repeat types. These limiting factors might make it impossible to find an exact functional relationship. Ignoring these limiting factors, the probability that a certain repeat type in the target genome hybridizes against the reporter is proportional to the repeat density in each of the two genomes. Thus the expected density of this repeat type in the library is D library (repeat type) ~ D reporter (repeat type) * D target (repeat type).
It was tested whether this relationship holds by means of the ratio of (AC) n to (AG) n repeat densities in all libraries. However, this relationship could not be confirmed, since D. melanogaster reports much more (AC) n repeats and M. musculus reports much more (AG) n repeats than expected from this relationship.
Information on the dominant repeat types in target genome-For the genomic libraries created in this study, we showed that the repeat content of the reporter genome has a significant influence on the densities in the libraries, even though a direct proportionality relation had to be rejected. This makes it possible to retain at least some information about the dominant repeat types in the target genome. In the enriched libraries (1-3, Table 3 , Fig. 5 ) of C. trilobitoides the AG/AC and AG/AT density ratios are significantly higher than in the corresponding reporter genomes. The same holds true for libraries (6-9), indicating that for C. trilobitoides, G. antarcticus, and the bopyrid isopod, the (AG) n repeat type is likely to be a dominant repeat type. For the two libraries of S. paradoxa, however, the results are ambiguous.
From a comparative genomics point of view, a high (AG) n repeat content has been reported from only few species (e.g., Estoup et al. 1993; Thoren et al. 1995; Tóth 2000; Tóth et al. 2000; Xu et al. 1999) . Generally, (AC) n and (AT) n dinucleotide repeat types constitute the major fraction of repeats in other crustaceans investigated so far (Katti et al. 2001; Kong and Gao 2005, Mayer et al. in prep.; Tassanakajon et al. 1998) .
Reduced selection bias of the reporter genome protocol-The reporter genome protocol substitutes synthetic repeat probes with repeats naturally occurring in whole genomes as hybridization templates (Fig. 2) . Using the repeat detection and analysis tools Phobos and Sat-Stat, we have identified 476 different and independent di-to hexanucleotide repeat types in the reporter genome of M. musculus, 454 repeat types in H. sapiens, and 467 repeat types in D. melanogaster (Table 4) . Combining the three reporter genomes, all 499 possible different and independent repeat types are available as hybridization probes. Although many motifs are rare in the reporter genomes, this still ensures a much less biased search than standard protocols which rarely screen for more than 20 different repeat types. Thus, without knowledge about relative densities of certain repeat types, which are commonly dissimilar among different taxa (Tóth et al. 2000) , the reporter genome protocol allows the isolation of many different microsatellites that are frequent in the target genome without prior knowledge about repeat motifs (see Table 2 ). This significantly reduces the selection bias for the reporter genome protocol compared to all other protocols and explains its comparatively high success in detecting as many as 133 different repeat types in the 13 genomic libraries screened in this study.
Comments and recommendations
Resources and hand-on time-Overall, resource-usage and handling time of the RGP is comparable to the selective hybridization protocols discussed in Zane et al. (2002) . The RGP requires a standard molecular biology laboratory with cloning facilities. There is no need, e.g., for isotopic or specialized hybridization equipment. Its major advantage is that it does not rely on the use of specific repeat probes, neither for enriching the fragments for the genomic library nor for screening the genomic library. An enriched genomic library can be established within 1 week. Due to the high success rate, it is generally sufficient to shot-gun sequence one to a few 96-well plates of clones to obtain sufficiently many informative microsatellite loci for standard exploratory studies.
Choice of reporter genomes-Our study suggests choosing reporter genomes distantly related to the target genomes to avoid hybridization at homologous nonrepetitive regions. Using completely sequenced reporter genomes has the advantage that rare but possible contaminations by mobilized reporter genome fragments can be detected by BLAST searches. If a great diversity of different repeat types is desired, it is useful to select at least two reporter genomes that differ in their relative genomic repeat type densities, e.g., Mus musculus and Drosophila melanogaster.
Microsatellites for population genetic studies-For population genetic studies, highly perfect microsatellites (Fig. 3b,c) are preferred over imperfect, compound, or complex microsatellites (Fig. 3d-f) . The latter are more likely to have not just one but several sources of length variation and therefore show a higher degree of size homoplasy that can only be reliably assessed by sequencing (Adams et al. 1993; Estoup et al. 1995 Estoup et al. , 2002 . For population genetic and pedigree analyses, longer microsatellites (>8 repeat units) are preferred over shorter microsatellites as their higher variability allows a better resolution. Very long microsatellites often suffer from in vitro artefacts (Shinde et al. 2003) , and are frequently biased in mutation toward shorter repeats (Ellegren 2004; Nauta and Weissing 1996; Wierdl et al. 1997; Xu et al. 2000) . This advises using microsatellite markers with <40 repeat units for analysis, especially for dinucleotide repeats. Besides the structure of a microsatellite itself, a crucial point is the quality of its flanking regions. Frequently, additional structural processes, e.g., inversions, duplications, or higher order repeat structures (see Fig. 3 gf) , can be detected in the flanking regions, which may complicate or bias analysis or even lead to the complete failure of PCR amplification. The process of identifying suitable markers from the large amount of microsatellites was greatly facilitated by a software workflow based on the Staden software package, a version of which will soon be available (Kraemer et al. in prep.) including Phobos and other modules, geared toward high throughput establishment of high quality microsatellite loci.
A common feature of enriched libraries is that many microsatellite loci isolated from them have disadvantageous properties and should be excluded for various reasons (Fig. 1) . However, the number of microsatellites found in the enriched libraries in this study was so high that a sufficient number of appropriate, high quality loci were available for primer design (see Leese and Held (2008) and Leese et al. (2008) for details on primer design).
Conclusions
The reporter genome protocol is a highly efficient protocol to isolate microsatellites from unknown genomes. Its major advantages are (i) the high enrichment efficiency across a large taxonomic diversity of target genomes, (ii) the large number of different repeat types that can be detected without the need to specify synthetic reporter probes, and (iii) the possibility to retain some information about relative densities of repeat types in the target genome.
The hybridization step is expected to yield maximum numbers of microsatellites if the target and the reporter genomes share similarities in repeat regions only, but are sufficiently dissimilar by descent outside repeat regions. We are confident that the reporter genome protocol as outlined in this study will make microsatellites more attractive for researchers in a wide variety of fields that previously avoided the development of this powerful marker system.
